The crystal structure of gallium oxynitride nanowire was investigated by using scanning transmission electron microscopy. Gallium oxynitride nanowire was directly observed to have a biphasic wurtzite and zinc-blende structure. There was a stacking disorder of several atomic layers between the two phases. The new biphasic nanowire formed due to the presence of Ni in starting material because its nitride has a zinc-blende structure whereas gallium oxynitride has the wurtzite structure. Crystal growth of gallium oxynitride nanowires was studied using seed crystals. Seed crystals and amorphous gallium oxide precursors were annealed under different ammonia flow rates to grow gallium oxynitride nanowires. The nanowires grew to length of 150 m but they did not grow laterally when the ammonia flow rate was 50 mL/min.
Gallium nitride (GaN) and the related materials have been widely studied for various applications including UV-blue light emitting diodes, laser diodes and UV detectors [1] [2] [3] . Their nanowires have been attracting interest for a wide range of optical and electronic applications, such as UV lasers, field effect transistors and logic gates [4] [5] [6] . Nanowires can be grown by various methods, including chemical vapor deposition (CVD), metalorganic CVD and vapor phase epitaxy using Au, Ni, Co or Si as catalysts for vapor-liquid-solid (VLS) growth [7] [8] [9] [10] . Nanotubes and nanobelts of GaN have been also prepared by nitridation of -Ga 2 O 3 by NH 3 11,12 .
Theoretical calculations predicted that spinel type gallium oxynitride -Ga 3 O 3 N will form from monoclinic -Ga 2 O 3 and wurtzite GaN under high pressure and that the oxynitride will be stabilized by introducing gallium vacancies 13, 14 . Gallium oxynitride (GaON) with a wurtzite-like structure was first prepared by ammonolysis of NiGa 2 O 4
15
. Its crystal structure has been expected to be 6H polytypoid, because its Raman spectrum showed characteristics for both wurtzite (2H) and zinc-blende (3C) 16 . Such structural characteristics can be observed directly in single crystalline products.
However, there have been no direct microscopic observations of the stacking disorder in GaON.
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The optical and electronic transport properties of the nanowires can be controlled by controlling their crystal structure and chemical composition. Crystal growth along the above-mentioned biphasic wurtzite and zinc-blende structure is required to their characterizations and applications in optical, transport properties and so on. Crystal growth by using seed crystals has not yet been investigated. The presence of stacking disorder as well as growth conditions may affect the nanowire morphology.
In this study, the atomic scale observation of the GaON nanowire was carried out by using scanning transmission electron microscopy (STEM) technique to clarify their crystal structure. Crystal growth of GaON nanowires was also studied by using seed crystals separated from the agglomerated product obtained by ammonolysis of an amorphous gallium oxide precursor containing 3 at % Ni additives. The effect of varying the ammonia flow rate on their morphology was investigated.
Experimental
A mixture of GaON seed crystals and agglomerated GaON grains was prepared by ammonolysis of an amorphous gallium oxide precursor containing 3 at% Ni. h in an ammonia flow of 50 mL/min. The nitrided product contained GaON nanowires and agglomerated grains. To separate the nanowires so that they could used as seed crystals for subsequent crystal growth, the nitrided product was ultrasonically separated in acetone and the supernatant solution was dropped onto a silica substrate. The silica substrate was then placed in a tube furnace for the crystal growth with the gallium oxide precursor which had been prepared through above-mentioned process without Ni additives. . GaN has the wurtzite structure in hcp and -Ga 2 O 3 crystallizes in the ccp with partially occupied tetrahedral and octahedral sites 26, 27 . The different stacking in simple gallium compounds may suggest understanding of the complicated stacking in relation to the 9 gallium vacancy. Polytypoid structure, which corresponds to wurtzite-type AlN with a different stacking sequence, has been observed in aluminum oxynitrides and SiAlON with a cation-deficient composition (i.e. M/X < 1) 28, 29 . Incorporated oxide ions and gallium vacancies may stabilize the biphasic wurtzite and zinc-blende structure with stacking disorders.
Crystal growth of GaON nanowires on seed crystal
Seed crystals separated on the silica substrate were annealed with amorphous gallium oxide at 750 °C under flowing NH 3 to achieve homogeneous crystal growth and to obtain larger GaON nanowires. Figure 4 shows SEM images of GaON nanowires grown under four different NH 3 flow rates. Nanowires did not grow under similar conditions when silica substrates without seed crystals were used. Many short (i.e. < 10 m), twisty GaON nanowires were obtained under a NH 3 flow rate of 20 mL/min (Fig. 4(a) ). GaON nanowires that were more than 100 m long and short, twisty nanowires were observed for annealing under a NH 3 flow rate of 30 mL/min (Fig. 4(b) ). The number of short, twisty nanowires decreased when the NH 3 flow rate was increased to 50 mL/min (Fig. 4(c) ). In the product, very long nanowires that were over 100 m long were formed with several branches in every several tens of micrometers. However, the nanowires did not undergo crystal growth at a 10 NH 3 flow rate of 100 mL/min as indicated by the fact that the small grains and very short nanowires in Fig. 4(d . The NH 3 flow rate of 100 mL/min was too fast to supply gallium vapor phase for crystal growth. On the other hand, a low NH 3 flow rate may allow the vapor phase to stay near the seed crystal in a longer duration, resulting in an excess supply of gallium vapor phase on the seed. This excess supply may favor GaON nucleation on the substrate surface rather than crystal growth of the seed crystals. 
